The rapid solidification of Al-12 Zn-3 Mg-1.5 Cu (in mass%) alloy was investigated in order to determine structure changes and the effect of Zr or Sc+Zr additions. Rapidly solidified ribbons with the thickness of 30-50 mm were obtained by a melt spinning technique. The alloys cast into a copper mould were used as a reference material. The mould cast alloys as well as the melt spun ribbons revealed the dendritic microstructure of (Al) solid solution and (MgZn 2 ) phase in the interdendritic areas. Additionally the T-Mg 32 (Zn, Al) 49 phase with icosahedral quasicrystalline symmetry was found in the form of small particles located mainly at the wheel side in the Zr or Zr+Sc containing ribbons. The refinement of the microstructure and the reduction of volume fraction of the phase was observed in the ribbons. Large Al 3 Zr primary precipitates were observed in the mould cast alloy containing zirconium, while almost whole Zr in the ribbons dissolved in the aluminium solid solution. Annealing of ribbons at 400 C led to the precipitation of spherical L1 2 -Al 3 Zr or Al 3 (Sc, Zr) particles, coherent with the matrix. They could be responsible for the improvement of properties of the aluminium alloys by the retardation of recrystallization and grain growth. Plate like precipitates of metastable 0 phase appeared after ageing at 120 C and led to the increase of microhardness up to about 230 HV.
Introduction
The 7xxx series (Al-Zn-Mg-Cu) aluminium alloys are widely used in the aircraft industry due to their low density and a high strength.
1) The strength of these alloys increases with an increased concentration of Zn leading to a higher volume fraction of metastable 0 precipitates enriched with Zn. The high solute (about 8 mass% of Zn) alloys designated AA 7055, V96ts-3 or C912 provide the highest strength aluminium alloys produced by the ingot metallurgy and find the application as upper wing skin materials in commercial aircraft. [2] [3] [4] The rapid solidification processes enable increasing the content of Zn in the alloys. On the other hand the spray formed Al-12 Zn-2.4 Mg-1.1 Cu-0.5 Ni-0.2 Zr (in mass%) alloy displays superior mechanical properties with yield strength about 690 MPa, the tensile strength of 750 MPa and the elongation rate of 11%.
5) It was reported that higher tensile strength over 800 MPa, achieved by the spray formed alloys containing up to 13 mass% Zn, 3 mass% Mg, 1 mass% Cu and small amount of Mn, Cr and Zr, was mainly associated with a higher density of 0 precipitates. 6) Eventually, the super high strength alloys containing about 9 mass% Zn, 3 mass% Mg, 1.5 mass% Cu produced by an atomisation technique gained the tensile strength above 1000 MPa in the compression test. 7) The rapid solidification processes increase also the possibilities of applications of transition metals whose use is limited because of their low solubility at small rates of alloy crystallization. 8) According to the data presented in 9) the maximum extension of a solid solubility could increase up to 1.5 at% and 3.2 at% for zirconium and scandium, respectively. The additions of zirconium can improve the properties of 7xxx series alloys by the formation of metastable, coherent with the matrix, L1 2 -Al 3 Zr dispersoids, which stabilize the grain structure and prevent recrystallization. 10) It has been reported that fine grains (1 mm big) appear during the hot extrusion of Al-9.5 Zn-3 Mg-1.5 Cu-0.04 Ag (in mass%) rapidly solidified powder with over 1 mass% Zr addition. The Al 3 Zr particles precipitating in the matrix inhibit a long range grain boundary migration and promote a continuous dynamic recrystalization.
11) However, a combined alloying with Zr and Sc is more effective. For example, the increase of both, ultimate tensile strength and ductility (up to 820 MPa and 5.8%, respectively) has been observed for Al-12 Zn-3 Mg-1.2 Cu (in mass%) alloy containing Zr and Sc.
12) The hardness of consolidated Al-9 mass% Zn-2.5 mass% Mg-1 mass% Cu splat quenched flakes with 0.2% Sc + 0.2% Zr addition was higher than those without the addition in as-extruded materials as well as after annealing at temperature above 673 K. 13) Apart from the increase of the element contents, rapid solidification techniques reduce also the size of secondary phases and improve the uniformity of their distribution. Among different rapid solidification processes, the melt spinning process generates higher cooling rates and allows attaining the best cost-performance ratio.
14)
The aim of the present investigation was to study the effect of zirconium and scandium additions on the microstructure and properties of melt spun ribbons of Al-12 Zn-3 Mg-1.5 Cu alloy. The heat treated ribbons were also examined and compared with those in the melt-spun state.
Experimental
The alloys of nominal compositions (in mass%): Al-12 Zn-3 Mg-1.5 Cu (alloy A), Al-12 Zn-3 Mg-1.5 Cu-1 Zr (alloy B) and Al-12 Zn-3 Mg-1.5 Cu-0.2 Zr-0.3 Sc (alloy C) were prepared using Al-10% Zr and Al-2% Sc master alloys and high-purity Zn, Mg, Cu and Al. The alloys were cast after melting into a thick-walled copper mould. Both alloys were re-molten and cast using melt-spinning technique (planar The ribbons were homogenized by heating at the rate of 50 C/h up to 400 C and keeping them there for 5 h (these temperatures correspond also to the effective start of the precipitation of the Al 3 Zr or Al 3 (Sc, Zr) phases from the (Al) solid solution). Subsequently, the alloys were annealed at 460 C for 1 h and quenched to room temperature in water. The ageing was performed at 120 C (optimal ageing temperature of 7xxx type alloys) for 24 h.
The microstructure of mould cast alloys and the ribbons in the melt-spun and annealed state was examined using Philips PW 1710 X-ray diffractometer (XRD) with CoK radiation, light microscopy using Leica QWin, scanning electron microscope FEI XL30ESEM TMP (SEM) and FEI transmission electron microscope Tecnai G 2 (TEM) operating at 200 kV equipped with EDAX energy dispersive X-ray (EDX) microanalyser. The Tenupol-5 double jet electropolisher was used for the thin foil preparation in electrolyte containing nitric acid and methanol (1 : 3), at the temperature of À20 C and voltage of 15 V. Vickers microhardness measurements of the ribbons were performed using a CSM-Instruments microhardness tester. The indentations were made along the longitudinal cross section of the ribbons.
Results
Light microstructures of the alloys cast into a thick-wall copper mould are shown in Figs. 1(a)-(c). Alloy A had the grain size of 200-300 mm with a dendritic structure of primary (Al) solid solution surrounded by eutectic phases ( Fig. 1(a) ). A partial reduction of the dendritic structure branching was observed in alloy B with 1 mass% Zr addition, whose grain size decreased down to about 100 mm ( Fig. 1(b) ). The elongated primary intermetallic Al 3 Zr particles were also visible (the Zr content in alloy B exceeded the equilibrium solid solubility in aluminium). In the Zr+Sc containing alloy the refinement of grains down to about 20 mm was observed together with a complete disappearance of dendritic segregation ( Fig. 1(c)) . The grain refinement resulted from the presence of primary Al 3 (Zr, Sc) particles, which formed during the alloy solidification and became the nuclei for the crystallization of Al solid solution grains. The example of the Al 3 (Zr, Sc) particle with a cubic morphology is shown in SEM microstructure in Fig. 1(d) . The EDX microanalysis confirmed that the particles located in the center of the grains were enriched in Zr and Sc. A good lattice coherency between the ordered L1 2 -Al 3 (Zr, Sc) primary particles and the (Al) matrix was the reason for the effective grain reduction and uniform grain structure. 15) The XRD patterns of the mould cast alloys are presented in Fig. 2 . Apart from the (Al), the reflections of the second phase in the positions characteristic for the -MgZn 2 phase could be identified in all diffractograms.
A considerable refinement of the microstructure was noticed in the melt spun ribbons. Figure 3 shows SEM microstructures of the longitudinal cross-section of ribbons A and C. The ribbons contained fine cells or dendrites whose size increased from the wheel side towards the free side. Secondary phases were present in the inter-cell or interdendritic areas and as separate particles inside the cells (see the inserted magnified microstructure in Fig. 3(a) recorded for ribbon A). A similar microstructure was found in ribbon B, without the primary particles of Al 3 Zr phase which indicates that all zirconium atoms were dissolved in the (Al) The bright particles visible in ribbon C were identified by electron diffraction patterns and EDX microanalysis as the L1 2 -Al 3 (Sc, Zr) phase, the same as in the mould cast alloy. They were less dense than in the mould cast alloy, however slightly larger which might indicate a growth of existing nuclei from the melt, but with a higher supersaturation of Sc and Zr in the aluminum solid solution. The XRD traces of the as spun ribbons are shown in Fig. 4 . In all ribbons the peaks could be identified to be due to the (Al) solid solution and -MgZn 2 phase, similarly to the mould cast alloys. Alloying with Sc and Zr changed the phase compositions and additional reflections in the positions corresponding to the T-Mg 32 (Zn, Al) 49 phase were detected in ribbons B and C. Both phasesMgZn 2 and T-Mg 32 (Zn, Al) 49 were revealed in the Al-ZnMg-Cu-Zr-Sc system for alloys of similar compositions.
16)
The weak reflections of the L1 2 -Al 3 (Sc, Zr) phase (resulted from the particles visible in Fig. 3(b) ) were identified additionally in ribbon C. The TEM bright-field image in Fig. 5 shows the transition from the region solidified at a higher cooling rate near the wheel side to the region of the free side. It was found based on electron diffraction patterns that the MgZn 2 phase was located mainly in the inter-dendritic areas (the example of the electron diffraction pattern corresponding to the MgZn 2 is inserted in Fig. 5 ). The amount of the MgZn 2 phase decreas- ed in the direction of the wheel side, where spherical particles uniformly distributed inside the (Al) grains appeared ( Fig. 6(a), (b) ). The average size of particles was found to be 80-100 nm. Series of electron diffraction patterns obtained for individual particles indicated their icosahedral symmetry. Figure 6 (c), (d) and (e) shows electron diffraction patterns of five-fold, three-fold and two-fold symmetries, respectively, which are typical for the icosahedral quasicrystalline phase. The particles of stable Mg 32 (Zn, Al) 49 phase (space group Im-3, lattice constant 1.42 nm) which were identified in the XRD pattern in Fig. 4 , were classified as a cubic approximant of Al-Mg-Zn icosahedral quasicrystal. 17) The EDX analysis revealed that the particles contained about 21 at% Zn, 22 at% Mg, 7 at% Cu and 50 at% Al (the signal from aluminium partially came from the matrix).
Almost complete dissolution of the secondary phases located in the intercell areas or inside the cells and the precipitation of Al 3 Zr or Al 3 (Zr, Sc) phases from the aluminum solid solution took place in the ribbons during annealing (5 h at 400 C followed by 1 h at 460 C and cooling in water). The distribution of fine, spherical precipitates of Al 3 Zr and Al 3 (Zr, Sc) phases in ribbons B and C, respectively, is shown in dark-field images of the [001] (Al) zone axis in Fig. 7 (dark-field images were taken of the 110 refection of the L1 2 phase). In ribbon B the particles were about 5-10 nm big (Fig. 7(a) ), while their size increased up to about 20 nm in Zr+Sc containing ribbon C (Fig. 7(c) ). The Al 3 Zr and Al 3 (Zr, Sc) reflections were in the superlattice positions in agreement with the L1 2 structure what can be seen in the corresponding diffraction pattern in Fig. 7(c) . The HRTEM image presented in Fig. 7(d) for ribbon B shows that Al 3 Zr precipitates are coherent with the Al matrix (similarly to Al 3 (Zr, Sc) precipitates in ribbon C).
Further ageing of the alloy at 120 C led to the formation of the 0 precipitates which were the main strengthening phase in Al-Zn-Mg alloys. Figure 8 shows TEM bright-field image and corresponding diffraction pattern of ribbon B aged for 24 h at 120 C, taken at [011] (Al) zone axis. Spherical L1 2 -Al 3 Zr particles co-existed with plate-like 0 precipitates lying on the {111} plane of (Al) matrix. Although the Al 3 Zr particles were difficult to distinguish in the bright-field image ( Fig. 8(a) ), their presence was confirmed by the reflections in positions characteristic for the L1 2 phase in the diffraction pattern shown in Fig. 8(b) . Weak diffraction spots in 1/3 and 2/3 022 (Al) positions and diffused streaks along h111i directions corresponding to the 0 phase could be also clearly identified.
The HRTEM image presented in Fig. 9 shows the Al 3 Zr particle and 0 planar precipitates of about 8 {111} (Al) atomic planes in thickness, distributed homogeneously in the matrix. It could be noticed that the 0 plate was coherent on {111} planes and incoherent on the side of plate (200) planes and that the 0 plates evidently nucleated at the Al 3 Zr particle, where strains associated with its existence promoted the nucleation of 0 precipitates. Microhardness measurements were performed for the cross sections of ribbons in an as cast state, after heat treatment at 400 C for 5 h followed by 1 h at 460 C and after ageing for 24 h at 120 C. The measurements were carried out in the central part of the ribbons. The results, which were the average value of about ten indentations, are presented in Table 1 
